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Abstract
	
  
	
  

Developing materials that are environmentally friendly and capable of high performance

is important to maximize the efficiency and success of coastal restoration projects. Louisiana is
losing large amounts of coastal land each year, while suffering 90% of the United States’ coastal
wetland loss. Some areas have begun to implement physical structures to dissipate wave energy
and accrete sediment. Recent technological advances have allowed the transformation of these
structures into engineered ecosystems, with a focus on oyster accumulation. These ecosystems
support the growth of oysters, Crassostrea virginica, which serve to improve water quality and
protect shorelines through filtration and wave energy attenuation. An evaluation of scale-model
reefs showed bioaccumulation on various cement mixtures, as well as the customization
available with the implementation of artificial reefs. This customization also allows the use of
bioengineered oyster reefs in the creation of more sustainable coastal homes, with the
combination of various architectural techniques, as structural and ecological members. Artificial
reefs can be used for protection of the homes and shorelines, while also serving as a valuable
food source, not only through oyster growth, but through the attraction of a large number of crab,
shrimp and fish, as well. Alternative methods of oyster harvest are also explored in this study.
An artificial cultch material showed insignificant differences (p=0.0726) in oyster growth when
compared to oyster shell, the typical substrate used in oyster production. The artificial cultch
could be used as a viable substitute, in areas where oyster shell is either limited or expensive.
This body of work shows the potential for the use of sustainable and ecologically valuable
artificial materials in coastal and oyster reef restoration.
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Chapter 1: Introduction
	
  

Artificial structures are being utilized in coastal locations throughout the world to
attenuate wave energy and attract various organisms. The priority of choosing materials for
these structures should be using environmentally friendly materials. However, doing so, along
with environmentally friendly implementation, can quickly become expensive. It is important to
develop materials and designs that excel in both energy dissipation and biological attraction, to
maximize the efficiency of these structures. This body of work focuses on testing materials for
use in artificial oyster reef construction, as well as oyster culture.

Coastal Louisiana
	
  

Louisiana, as well as many coastal areas, is losing vast amounts of land. Approximately
1800 square miles of land has been lost in the last 80 years, and the Coastal Protection and
Restoration Authority is predicting this number to double within the next 50 years (Coastal
Master Plan, 2012). Louisiana has 40% of the nation’s coastal wetlands but suffers 90% of the
nation’s coastal wetland loss (USGS, 2012). This extensive land loss can be attributed to 3 main
causes:
•

Subsidence,

•

Erosion, and

•

Sea level rise.

Subsidence is the downward movement of the Earth’s surface, which is, generally, in Louisiana,
the result of the slow compaction of soil particles (Dokka 2006). Coastal Louisiana was created
and shaped by the Mississippi River’s sediment supply, causing faster subsidence rates, with
1
	
  

slower rates further inland (Dehon 2010). This area is also subject to constant wave action, as
well as a large number of storms per year, producing large amounts of erosion. Louisiana has
the highest rates of coastal land loss, barrier island erosion, and sea-level rise in the United States
(Ramsay and Penland 1989). As the surface of Louisiana’s land mass is moving downward, the
surface of the Gulf of Mexico, and the world’s oceans, is moving upward. Global warming is
causing sea level rise through the melting of glaciers, sea and land ice, and through the thermal
expansion of ocean water (Cazenave 2013).

Figure 1.1. Average sea level trend recorded at Grand Isle, Louisiana, USA, with 95%
confidence interval (NOAA).
The combination of natural and human induced impacts increases the rate of degradation of
the Louisiana coastline. Dredging canals destroys wetlands and promotes saltwater intrusion to
inland areas, while the construction of levees and dams do not allow the Mississippi River to
construct new deltas and reduce sediment supply to the coast (Blum and Roberts 2009).
Construction in wetlands and land loss due to these causes will likely continue and may increase
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in the near future. These environmental changes mean less inhabitable land for humans and
drastic changes in plant and animal life for many coastal locations around the world.
The coastal area of Louisiana has become an essential asset to the entire country by
supplying many important aspects of people’s everyday lives. These include:
•

90% of the nation’s outer continental oil and gas,

•

20% of the nation’s annual waterborne commerce,

•

26% of the continental US commercial fisheries landings, and

•

Winter habitat for 5 million migratory waterfowl (Coastal Master Plan, 2012).

Louisiana also has large aquaculture and wild harvest fisheries, which produce large amounts of
alligators, turtles, oysters, crawfish, catfish, baitfish, and coastal plants. Aside from these assets,
this area is home to a unique culture, unlike anywhere else in the world.

Shoreline Protection
	
  

Coastal areas throughout the world, especially those with nearby, highly developed city
infrastructure, have begun to implement various strategies to protect and restore the local
shoreline. These protection strategies range from levee construction, beach restoration and
planting marsh vegetation (Gleason et al. 1979), to implementing hard structures such as jetties,
groins, breakwaters and seawalls. Improving upon these strategies is important to maximize the
efficiency of structures for protecting coastal lands and their environments.
One of the most popular methods to combat coastal land loss is via the use of breakwaters.
Breakwaters are man-made barriers placed just off shore, which protect the coastline by reducing
wave energy. These barriers are detached from one another, allowing animals and sediment to
pass in between, providing an environmentally friendly form of protection. Over time, sediment
3
	
  

will continue to build up directly behind the breakwaters, thus stretching the shoreline and
creating new land. Typical shoreline responses can be seen in Figure 1.

	
  

Figure 1.2. Sediment deposition behind coastal breakwaters, as seen from above (Sane et al,
2007; after Herbich, 1991).
	
  

New technologies have emerged that transform typical breakwaters into engineered
ecosystems, using substrates, which allow organisms to attach and grow (Campbell, 2004;
Ortego, 2006; Hall, 2009; Dehon, 2010; Hall et al., 2011). With bioengineered reefs, we may
create a living shoreline with self-sustaining qualities that differentiate themselves from
traditional breakwater structures (Risinger, 2012). These unique reefs become biologically
dominated reefs, extremely similar to those that occur naturally. The construction process of the
reefs allow for the customization of materials or dimensions, depending on the location or wave
energy. Aside from shoreline protection, the reefs provide many benefits to the ecosystem,
similar to natural reefs.
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The Eastern Oyster and Reef Restoration
	
  

The Eastern Oyster, Crassostrea virginica, is a bivalve mollusk native to the Atlantic and
Gulf coasts of North America. Louisiana is the top producer of Crassostrea virginica in the
United States, harvesting nearly two million acres of oyster fishing grounds (LDWF 2011).
These oysters can be found in a variety of water conditions, thriving in water temperatures
ranging from 20°C to 30°C, salinities ranging from 10 to 30 ppt, and dissolved oxygen levels
above 4 ppm (Berrigan et al. 1991). Oysters are most vulnerable during the early, pre-settling
stages of their life cycle. After fertilization, the planktonic larvae eventually enter a pediveliger
stage, during which it develops a ciliated foot, giving the ability to crawl along available
substrate. Once an area is deemed appropriate, the larvae begin cementing to the substrate, thus
becoming “spat.” During this process, the oyster larvae are susceptible to competition,
predation, disease and other environmental factors, and average daily mortality rates can range
from 20% to 76% (Drinnan and Stallworthy 1979). Surviving spat grow quickly and can reach
market size (>75 mm) in 2 to 5 years, depending on water temperature (Shumway 1996).
Oysters growing in warm water conditions typically grow faster, and can reach market size in
only 9 months (Menzel 1951).
The eastern oyster has a unique reproduction process as it is a dioecious, protandric,
hermaphroditic organism (Thompson et al. 1996). Oysters are usually male throughout the first
year, but have the ability to change sexes. A number of factors could influence sex changes,
including male to female ratio, water temperature, and other environmental factors (Eble et al.
1996). Spawning occurs yearly, typically as water temperatures increase. In the Gulf of Mexico
spawning usually occurs from May through October (EOBRT 2007). To ensure larger amounts
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of oyster growth, substrate should be implemented during the local spawning season. Oysters
are capable of producing millions of offspring every year, via broadcast spawning.

	
  

Figure 1.3 (a) and (b). (a) Biologically dominated artificial reef after 4 years of growth; (b)
Oyster and algal growth on large (5’ diameter) artificial reef after 1 year (Photos: S. Hall).
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A number of physical and chemical factors affect oyster setting. Oyster larvae settle
more quickly in warm water conditions, often lower in the water column or in shaded areas,
proving to be negatively phototactic (Kennedy 1996). Oysters are also gregarious, thus being
attracted to settle among other oysters, most likely caused by pheromones released by nearby
oysters (Kennedy 1996, Anderson 1995). Waterborne bacteria can also promote oyster
settlement by producing melanin and ammonia (Kennedy 1996). Aside from water quality
conditions, oysters must also compete for settlement space with other organisms such as,
bryozoans, barnacles, mussels, and algae, among others (Berrigan 1991).

	
  

Figure 1.4. The life cycle of the Eastern Oyster, Crassostrea virginica (from Wallace 2001).

Oysters have been referred to as “ecosystem engineers” (Jones et al. 1996) due to the
many ecosystem benefits oyster beds and reefs provide (Piazza 2005, Coen et al. 2007, Beck et
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al. 2011, La Peyre et al. 2014a). Healthy oyster populations can drastically improve water
conditions and the functionality of ecosystems. Oysters are filter feeders, and thus consume
phytoplankton and suspended solids in the water column. They also have the ability to store
nutrients in their tissue, allowing the National Oceanic and Atmospheric Association (NOAA) to
select them as a tested species for the Mussel Watch program to monitor contaminants in coastal
waters of the United States (http://ccma.nos.noaa.gov/about/coast/nsandt/musselwatch.aspx).
Oyster biodeposits aid in creating proper conditions for microbial denitrification (Newell et al.
2002), decreasing the likelihood of harmful algal bloom growth. Oyster shell is made up of
approximately 12% carbon, which is obtained from the water column and not allowed to be
released into the atmosphere, reducing the amount of greenhouse gases (Dehon 2012). As oyster
reefs grow vertically, they attenuate wave energy, thus reducing erosion and promoting sediment
accretion (Piazza et al. 2005). This process can save valuable, eroding land as well as add to the
existing land mass. Oyster reefs also provide habitat for many organisms including invertebrates
and juvenile fish, shrimp and crabs. In turn, these animals attract larger fish and birds, further
increasing the commercial and recreational value of the area.
Sustaining oyster reefs and their benefits has been the focus of many restoration efforts in
recent years (MacKenzie 1989, Brumbaugh et al. 1998, Goldsborough and Merritt 2001, Beck et
al. 2011, Kennedy et al. 2011, La Peyre et al. 2014), sparked by massive losses in oyster reef
ecosystems. Some of these efforts include the design and emplacement of ecologically
engineered artificial reefs. Many types of artificial reefs can be found in waters throughout the
world, with a variety of designs and uses (Baine 2001). Included in the design of the 2012
Louisiana Coastal Master Plan is approximately 70 linear miles of artificial oyster reef
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implementation. The designed projects will provide substrate for oyster larvae to attach and
grow, with hopes to rejuvenate the oyster population and protect the coastline.

Summary
	
  

Louisiana is losing land at an alarming rate, caused by both natural and human impacts.
Some locations have begun to implement physical structures to dissipate wave energy and
protect the coastline. Enhancing these structures to better incorporate living organisms, such as
oysters, will produce added benefits. However, proper water conditions must exist to allow the
oysters to develop into a thriving reef. Once established, oyster reefs provide many ecosystem
benefits including filtration and wave energy attenuation. The loss of coastal land and many
natural oyster formations has led to a movement of restoration projects. In order to maximize the
efficiency of these projects, it is important to determine which materials will allow biological
domination, while dissipating wave energy.
This work focuses on determining which materials will help to maximize efficiency by
promoting oyster growth while using minimal amounts of materials. Doing so would make
artificial reef construction more cost efficient and available in more locations. The studies
comprised in this thesis encompass testing lightweight aggregates in artificial oyster reef
construction, incorporating artificial reefs in the development of more sustainable coastal homes,
and testing substitute materials for oyster culture.
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Chapter 2: An Evaluation of Artificial Cultch as a Substitute Material for
Oyster (Crassostrea virginica) Culture
Introduction
	
  
Louisiana is the top producer of oysters (Crassostrea virginica) in the United States
(NOAAF 2013). These oysters not only provide food for people throughout the nation, but also
present many benefits to the ecosystem, including water filtration and shoreline protection,
among others (Piazza 2005, Coen 2007, Beck et al. 2011). The oyster beds and reefs running
throughout Louisiana’s coastal zone are typically made up of planted oyster shell, typically
called cultch when used to grow oysters. However, past storms and catastrophic events in these
areas have caused the degradation of the oyster beds and reefs, as well as the loss of oysters and
shell completely in some locations. The use of oyster shell in other applications, including
construction and calcium supplements, also has a major impact on the supply of shell, especially
as a cultch material. It is important to develop artificial cultch materials to act as substitutes for
oyster shell, in order to promote oyster culture and restoration in areas where it is limited.

Aquaculture
	
  
Aquaculture has become the fastest growing form of food production in the world, and
contributes more than half of all consumed seafood (FAO 2012). It has been considered the
primary alternative to capture production, particularly with the continued decline of capture
fisheries (Newkirk 1996). In 2010, aquaculture supplied almost 150 million tons of fish, while
capture fisheries produced about 90 million tons (FAO 2012). Aquaculture is also responsible
for providing animals for non-food uses, including supporting commercial and recreational
fisheries and habitat restoration, among others. Much of the aquaculture production in the
13
	
  

United States consists of shellfish, shrimp, salmon, cod, catfish and tilapia, with oysters, clams
and mussels accounting for almost two-thirds of the total marine production (NOAAF 2014).
In 2010, approximately 4.5 million tons of oysters were produced, globally (FAO 2012).
This production falls behind only two species of carp and clams. The United States has
consistently been one of the top producers of oysters, landing more than 32 million pounds in
2012 (NMFS 2012). The majority of this production is made up of the species Crassostrea
virginica, which is prevalent along both the Gulf of Mexico and Atlantic coasts. C. virginica can
typically survive in a wide range of conditions, but thrive in water temperatures of 20°C to 30°C,
salinities ranging from 10 to 30 ppt, and dissolved oxygen levels above 4 ppm (Berrigan et al.
1991, Kennedy et al. 2011).

Oyster Culture Methods and Restoration
	
  
The most common practices of C. virginica culture include both on-bottom and offbottom methods. Traditional methods involved transplanting seed from natural shell reefs to
leased oyster bottoms (Lavoie 1995). Off-bottom culture techniques began replacing these
methods in the early 1990’s, and now account for approximately 85% of global mussel
aquaculture (McKindsey et al. 2011). These methods have many advantages, including
protection from benthic predators (Comeau et al. 2010) and burial, as well as control of fouling
and increased consistency (Walton et al. 2013). Off-bottom culture methods typically produce
oysters that achieve higher prices over those produced via off-bottom practices (Walton et al.
2013). Adjustable long-line systems allow the oyster containers to be moved higher or lower in
the water column, giving the ability to control fouling via air drying and provide better protection
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during storm events. All of these methods require a substrate material, on which the oysters will
grow.
Oyster culture also has many added benefits to the local ecosystem (Coen 2007). Oyster
reefs and beds provide many ecosystem services including filtration, food and habitat for other
animals, shoreline protection, and enhanced commercial and recreational fisheries (Beck et al.,
2011, La Peyre et al. 2014). Oysters filter water by removing suspended particulate matter,
which also improves the clarity of the water. Oyster reefs provide habitat for juvenile fish,
shrimp and crab, and, in turn, attract larger species of animals, increasing the commercial and
recreational value of the area.
The dynamic coastline of the Northern Gulf of Mexico has suffered many events causing
the loss of oyster beds and reefs, including hurricanes, oil spills, and freshwater diversions
(Livingston et al. 1999, La Peyre et al. 2009, Beseres Pollack et al. 2011, McCrea-Strub et al.
2011). These events have sparked many efforts to restore oyster reefs and increase the
population of oysters in order to obtain the benefits they present (MacKenzie 1989, Brumbaugh
et al. 1998, Goldsborough and Merritt 2001, Kennedy et al. 2007, Beck et al. 2011). Much of
these efforts require oysters to be transplanted from other locations. The transplanted oysters
would typically be raised in a hatchery until they are large enough to be less susceptible to
predation, thus ensuring survivability on the reefs (Brumbaugh et al. 1998). Other restoration
techniques supply substrate in areas where oysters are already prevalent. The 2012 Louisiana
Coastal Master Plan designed approximately 70 linear miles of oyster reef implementation for
coastal restoration.
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Goal
	
  
With the continued rise in aquaculture production and the decline of capture fisheries, it
is important that we maximize the efficiency of all aquaculture operations. For oysters, this
begins with obtaining the proper cultch, or substrate on which the animals will grow. Oysters
will typically grow on any hard, ideally calcareous material in the water column. Many cultch
materials have been used for oyster culture, including oyster shell, clam shell, crushed limestone,
crushed concrete, gypsum fly ash, and scallop shell (EOBRT, 2007). Oyster shell has been
proven to work well, but is limited and not easily obtained in many areas. Providing a costeffective substitute will allow the production of oyster stocks in these areas, and make oyster reef
restoration attainable in more locations.
The goal of this study was to determine if two types of materials could be used as viable
substitutes to oyster shell, for culturing oysters. To do so, it first must be determined if the
materials can sustain growth, and then whether the growth is significantly different from growth
on oyster shell. If similar growth occurs on the aggregates, oyster heights (biomass) can then be
compared among materials. To be considered a possible substitute to oyster shell, artificial
cultch materials must be proven to produce similar oysters to those of traditional cultch.
The first objective was to determine if there was a significant difference in oyster
settlement, measured by total oyster counts (H0: µoyster shell = µartificial cultch = µwood chips).
The second objective was to determine if there was a significant difference in oyster
growth, based on oyster height measurements (H0: µoyster shell = µartificial cultch = µwood chips).
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Materials and Methods
	
  
Three types of cultch materials were tested, including whole oyster shell, an artificial
cultch, and cement-coated wood chips. The artificial cultch and wood chips are made of an
OysterKrete® cultch material provided by ORA Technologies, LLC
(www.oratechnologies.com). The artificial cultch includes a combination of cement, fine gravel,
sand, and coated wood chips. The lightweight concrete mixture produces chunks approximately
1.5 to 3 inches thick with high rugosity and organic bulking agents. Four samples of each
material were made, with each sample having a weight of approximately 2 kg. Average densities
of the artificial cultch and oyster shell were calculated using the water displacement method.
Single pieces of both oyster shell and artificial cultch were placed in a graduated cylinder filled
with water to a known volume, resting on a scale. The changes in mass and volume were used to
calculate the density of each piece (ρ = Δm/ΔV).

Figure 2.1. The tested cultch materials, left to right, whole oyster shell, artificial cultch, and
cement-coated wood chips

The samples were transferred to the Louisiana Sea Grant bivalve hatchery in Grand Isle,
Louisiana. The hatchery has been in operation under Louisiana Sea Grant since 1993, and has
focused its research on alternative oyster culture methods and developing a broodstock for
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producing triploid oysters. It is capable of producing more than 60 million oyster larvae per
week during the peak months of operation, from April to September
(laseagrant.org/research/hatchery/).

Figure 2.2. Location of the Louisiana Sea Grant Bivalve Hatchery (29°14’19.2”N,
90°00’07.3”W).
To begin the growth process, the samples were placed in 5-gallon buckets and given
seawater, aeration, oyster larvae and algae, then allowed to sit for approximately 48 hours. A
total of one million oyster larvae were used for the experiment. The samples were removed from
the buckets and the larvae were examined under a standard optical microscope. It was
determined that the majority of larvae had begun to attach to the substrate, and the samples were
then moved into silos in a nursery tank. The flow-through system used in the nursery tanks
provides water with ample amounts of food for the spat, as well as protection from predators.
After 24 days in the nursery, the samples were moved to bags (2 samples per bag) on an
adjustable long-line system, where they remained for the duration of the project. The system is
located in a protected area of Bayou Rigaud with an average water depth 0.8 ± 0.2 meters. Using
data from the Louisiana Department of Wildlife and Fisheries (wqdata.com), it was determined
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that this location maintained an average water temperature of 18.91 °C, and an average salinity
of 17.53 ppt, over the course of the experiment (Appendix Section 4).

Figure 2.3. Adjustable longline system at the Louisiana Sea Grant bivalve hatchery.

Oyster counts and height measurements were taken over a period of three months. Each
piece of cultch was counted for the oyster shell and artificial cultch, while the wood chips were
spread flat and the number of oysters on top was doubled to give a total value per bag. The
count data was used to calculate net combined mortality and detachment, by subtracting the final
count value from the original count value. Percent survival was calculated using the following
formula:
𝑆𝑢𝑟𝑣𝑖𝑣𝑎𝑙 % = 1 −

𝐶! − 𝐶!
∗ 100
𝐶!

Where, Ci = initial oyster count,
Cf = final oyster count.
Heights were recorded by measuring the largest dimension on 20 random oysters, per bag, using
digital vernier calipers (level of precision: 0.01mm). The height data was used to calculate an
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average growth rate for each material by dividing the material’s average height by the number
days since emplacement. This data was plotted using Microsoft Excel and statistically analyzed
using SAS version 9.3 (SAS Institute Inc., SAS 9.3, Software, Cary, North Carolina, USA).
All SAS analyses were completed using a Tukey-Kramer pairwise comparison and a 95%
confidence interval (α=0.05) to determine significance. For analysis, the experiment was treated
as two reps, with three bags (one of each cultch) per rep. The main effects used for each model
were, type of cultch (given a value of 1 to 3), time (date recorded, given a value of 1 to 5), and
type*time (i.e. type 1 at time 3).

Results
	
  
Results from the density calculations showed that artificial cultch, without growth, is
slightly less dense than oyster shell. The density of this material can be altered by controlling the
amounts of light and heavy components in the mixture.
Each of the materials sustained oyster growth throughout the experiment. The oysters on
the artificial cultch were more clustered than those on the oyster shell. The shape and high
rugosity of the artificial cultch allowed it to fit and stick together more closely than the oyster
shell.
Analysis of the count data showed that neither type of cultch, nor time, had a significant
effect on the number of spat. A log transformation of this data was required to meet the
ANOVA assumption of normal residuals. The transformation revealed the first oyster count on
the coated wood chips (Type 3, Time 1) to be significantly different from the other
measurements.
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Analysis of the height measurements determined type of cultch and time to have
significant effects, while the type*time parameter was determined to be insignificant. This
shows that within each type of cultch, the growth rate of the oysters remained consistent.

Average Densities (g/mL)
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0.50	
  
0.00	
  

Fig. 2.4. Approximate, average densities of whole oyster shell and artificial cultch.

Table 2.1. Total oyster counts for each cultch material.
Total Oyster Counts by Material
Date
Shell
A. Cultch Wood
17-Oct
2764
2046
440
7-Nov
2275
1817
1006
21-Nov
2373
1843
1006
5-Dec
2304
1711
1023
16-Jan
1957
1451
990
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Figure 2.5. Plot of total oyster counts for each aggregate.

Table 2.2. Net oyster mortality and detachment, and percent survival on oyster shell and
artificial cultch.
Net Mortality and Detachment
Shell

A. Cultch

Total (Ci-Cf)

807

595

Percent Survival

70.80

70.92

Table 2.3. Average oyster heights for spat on each aggregate.
Average Oyster Heights by Material (mm)
Date

Shell

A. Cultch

Wood

17-Oct

6.67

8.20

5.07

7-Nov

16.87

17.07

14.27

21-Nov

22.25

20.15

17.28

5-Dec

20.53

20.80

16.40

16-Jan

29.70

29.85

25.97
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Figures 2.6 (a)-(c). Plots of average oyster heights for each cultch material over a 3 month
period, with 95% confidence intervals.
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Table 2.4. Average growth rate for each cultch material.

Date
17-Oct
7-Nov
21-Nov
5-Dec
16-Jan

Growth Rate by Material (mm/day)
Time (d)
Shell
A. Cultch
24
0.278
0.342
45
0.375
0.379
59
0.377
0.341
73
0.281
0.285
115
0.258
0.260
AVG 0.314
0.321

Wood
0.211
0.317
0.293
0.225
0.226
0.254

Figure 2.7 (a)-(c). Clockwise from top left, oyster growth on oyster shell, artificial cultch, and
coated wood chips.

Discussion
	
  
The materials in question, the artificial cultch and cement-coated wood chips were both
able to attract and grow oysters. The analysis of the count data did not produce a statistically
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significant superior substrate. However, type of cultch was only slightly insignificant
(p=0.0726), and conducting more repetitions could result in significant differences among
materials. The cement-coated wood chips showed much lower counts and heights when
compared to either oyster shell or artificial cultch, though not statistically insignificant. This
material also has an extremely low density, requiring it to be contained to prevent floating and
being carried away. The combination of this and the low biomass accumulation eliminate the
cement-coated wood chips as an option for on-bottom or suspended oyster culture methods.
The increase in spat counts proved that each of the materials have the ability to naturally
recruit spat. Between oyster shell and the artificial cultch, oyster shell showed the largest
amount of natural recruitment, possibly due to the larger surface area, and higher number of spat.
The difference in count between these two materials is probably due to the difference in surface
area between the two materials. Most of the pieces of the artificial cultch are larger and heavier
than oyster shell, thus creating samples by weight produces more pieces of shell than artificial
cultch.
The results from the oyster height data analysis showed oyster shell and artificial cultch
to be statistically superior to cement-coated wood chips. As predicted, time also had a
significant effect on height, even over the short time period of the experiment. The up and down
nature of the height values (Table 4.3, Figure 4.4a-c.) is likely caused by measurement of newly
recruited, smaller natural spat, or from measuring too few random oysters.
Between the oyster shell and artificial cultch, the data also revealed very similar results
for percent survival (Table 4.2) and growth rate (Table 4.4), with artificial cultch being slightly
higher in both categories. Thus, using comparable amounts of surface area, these materials
would produce similar amounts of biomass.
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Conclusion and Future Work
	
  
In areas where oyster shell limited, using OysterKrete cultch would be a practical way to
develop a foundation of oyster growth for harvest or reef restoration. This material also
introduces some benefits over oyster shell, particularly in reef restoration. The high rugosity of
the material promotes strong growth and survivability of oysters and the low-density mixture
would be very useful for on-bottom oyster culture in areas with muddy bottoms. Mixtures can
also be customized to alter the density and suit the needs of specific locations. The material’s
ability to lock together would be very beneficial in creating a strong, cohesive oyster reef.
However, further information is needed to justify choosing artificial cultch over oyster
shell to culture oysters. This decision could likely be determined by the price of each option.
Both materials require transportation and emplacement costs, but the artificial cultch would have
to produced, demanding costs, labor and time. These added costs could still leave a cheaper
option in areas where large quantities of oyster shell are not easily obtainable. Other criterion,
such as meat yield, could be examined to aid in choosing the proper material for the particular
use and location. To maximize success and increase efficiency of future experiments with cultch
materials, it would be beneficial to use samples based on surface area or volume, rather than
weight. Doing so would provide better information for comparing spat counts and survivability
between materials.
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Chapter 3: Analysis of Aggregate Material Mixes in Experimental
Bioengineered Artificial Reefs
Introduction
	
  

Developing materials that can accumulate large amounts of oyster growth and attenuate
wave energy is important for emerging coastal restoration projects. Oysters have been referred
to as “ecosystem engineers” (Jones et al. 1996) due to the many ecosystem benefits oyster beds
and reefs provide (Piazza 2005, Coen et al. 2007, Beck et al. 2011, La Peyre et al. 2014).
Healthy oyster populations can drastically improve water conditions and the functionality of
ecosystems, while accreting sediment via wave energy dissipation.
The focus of this study is to compare aggregates to be used in the construction of
bioengineered artificial reefs. The underlying goal of creating artificial reefs is to obtain large
amounts of biological growth. It is important to determine which types of aggregates will
accumulate large amounts of biomass while acting as strong breakwaters, in order to maximize
efficiency and reap the benefits of natural enhancement. Experiments have been conducted on
biomass accumulation on similar materials; however some lightweight rings were lost due to
high wave energy (Dehon 2010, Risinger 2012). This study aims to determine which aggregate
mixtures will accumulate oyster growth and attenuate wave energy without being washed away
or wasting materials.
The first objective was to determine if there was a difference in oyster settlement among
materials, measured by oyster counts between the various mixtures (H0: µlight = µmedium = µheavy).
The second objective was to determine whether there was a difference in oyster growth,
quantified by measuring oyster heights on each mixture (H0: µlight = µmedium = µheavy).
	
  

29
	
  

Materials and Methods
	
  

Concrete rings and bars of uniform size were produced using molds. The rings were
poured in sheet metal molds, which incorporate wooden “legs” to add a pegged shape, allowing
better security and interlocking when the rings are placed in sediment and stacked on one
another. The molds produce a ring shape with a wall thickness of 2.75 inches, an outside
diameter of 20 inches, a wall height of approximately 7.75 inches and a 2 inch peg height (total
height at pegs, ~9.75 in). The bars were poured in plastic trapezoidal gutter molds cut at 46.5
inches long and capped on both ends. Both the rings and bars were made using a mix of Portland
cement, Quickrete all-purpose sand, cottonseed, water and varying aggregates mixed in a 1
horsepower round barrel, electric cement mixer. Two types of aggregate were used to create
three different mixtures, a 100% expanded clay lightweight mixture, a 100% crushed dolomite
heavy mixture, and a 50/50 mixture (color-coded orange, green, and yellow, respectively). The
expanded clay was supplied by Big River Industries, Inc., Erwinville, Louisiana
(www.riverlite.com). Each mixture was hand poured and tamped, then covered and allowed to
cure in the molds for 24 hours. After 24 hours, the rings were removed from the molds and
given additional time to cure.

Table 3.1. Estimated average weight and density of laboratory produced artificial reefs.
Estimated average mass and density of laboratory produced artificial reefs
Mixture

Mass (kg)

Density (kg/L)

Light

20.45

1.1

Medium

29.55

1.6

Heavy

40.91

2.2
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Figure 3.1. Laboratory produced rings (100% gravel mixture) and bars for artificial oyster reefs.

After the rings were given ample time to cure, they were transported to Rockefeller
Wildlife Refuge, where they were emplaced, by hand, in the intertidal zone of a small canal
(Map 2.1). This location contains reefs from many past experiments (Campbell 2004, Ortego
2006, Dehon 2012, Risinger 2012), proving that Crassostrea virginica are extremely prevalent in
the water system. Two types of emplacements, light and heavy, were created for each mixture.
The light emplacements consisted of three equally spaced rings with bars reaching across the
gaps. The heavy emplacements consisted of ten rings, with three rings stacked on the remaining
seven. Rebar was cut to 10 feet long, angled, and used to anchor each of the emplacements.
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Figure 3.2. Map showcasing the project location at Rockefeller Wildlife Refuge, Cameron
Parish, Louisiana, USA.

Oysters were counted by placing a 3 inch diameter open circle, randomly, on the tops and
sides of the rings, and counting the oysters with at least half the shell within the circle (Dehon
2010). Oyster heights were measured using digital vernier calipers (level of precision: 0.01
mm), measuring from the hinge to the shell’s furthest point.
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Results
	
  

Throughout the course of the project, the artificial reefs were subjected to harsh
conditions, created by both natural and human impacts. Soon after emplacement, an increased
volume of barge and boat traffic in the canal produced high wave energies, washing away
multiple rings. Broken pieces of lightweight rings were found along the shore of the canal.
Also, extremely low winter tides led to the burial of many of the remaining rings, not allowing
oyster growth to be defined by height in the water column. The bars used in the light and
medium-weight emplacements were washed away and some were found scattered along the
shoreline.
After three months each of the mixtures showed some oyster growth, as well as barnacle
and algal growth. A large number of juvenile shrimp and crabs were also discovered in and
around many of the rings. Although no mixture showed superior growth over the others, the
50/50 mixture rings produced slightly greater oyster counts and heights. The lightweight rings
show the highest initial growth rate, however the final height measurements were similar to those
observed on the other mixtures.

Figure 3.3 (a) and (b). (a) The remaining rings of a low density mixture, heavy (10 ring)
emplacement; (b) broken, low density rings.
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Figure 3.4 (a) and (b). (a) Heavy emplacement of 50/50 mixture rings; (b) close-up showing
oyster and barnacle growth on artificial reef.
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Figure 3.5 (a) and (b). Average oyster counts in a 3 in diameter with 95% confidence intervals
(rings emplaced 5/8/2013).
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Average Oyster Height (mm), Light Mixture
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Figure 3.6 (a)-(c). Average oyster heights with 95% confidence intervals.
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Discussion
	
  

Each of the mixtures proved capable of establishing some oyster growth, and the physical
differences could prove to be the deciding factor in choosing the proper mixture for a certain
location. The lightweight rings proved to be too light and too weak in this case of a medium
energy location, as many were washed away and found broken. Other lightweight rings were
found overturned and those still restrained by the angled rebar were nearly completely buried.
All of the heavier mixtures remained, however, both of these mixtures sunk drastically during
very low tides. The sinking of the surviving rings likely buried and smothered any organisms
growing on the lower portion of the rings. This eliminated the idea of quantifying oyster growth
based on height in the water column. The 50% expanded clay, 50% gravel mixture seemed to be
the most practical of the three mixtures, producing the highest average oyster count and height
measurements while surviving high wave energies. The higher oyster counts could be due to
higher resistance to sinking, when compared to the heavier mixture, as well as higher resistance
to floating when compared to the lighter mixture, providing a longer time period to accumulate
growth on the rings’ entire surface area.
A large number of barnacles were observed throughout rings of all mixtures. The date of
emplacement (5/8/2013) may have been too early to allow maximum oyster growth, as the
spawning season had possibly not yet begun. Barnacles can quickly dominate structures,
especially during the summer months, and are a major competitor of oysters for substrate during
this time.
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Conclusion and Future Work
	
  

The purpose of this study was to determine which aggregates can accumulate oyster
growth while attenuating wave energy. The different aggregate mixtures were all able to
establish some oyster growth, however, problems did arise with each mixture. The lightweight
rings were easily carried away by high wave energies, while the heavier mixtures sank during
low tides. Barnacles were found to have dominated many of the rings, possibly out-competing
oysters for substrate space. No mixture proved to be superior to the others, however, future
monitoring of these reefs may yield results to determine if one of the mixtures outperforms the
others.
This experiment shows how simple the construction of drastically different artificial reefs
can be, as well as how customizable they can be. The shape and mixture of the reefs can be
modified to fit a specific location or wave energy.
In order to maximize the efficiency of future projects, researchers should focus on
utilizing areas with minimal boat and barge activity, as well as timing the emplacement date
during the oyster spawning season. The location should be monitored for proper water quality
conditions (salinity, temperature, etc.), to suit the needs of oyster spat. Future studies should also
consider using mats or other materials under the reefs to prevent sinking.
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Chapter 4: Culturing Coastal Plants and Animals for Sustainable Housing

Aquaculture is a major industry in Louisiana, contributing about $500 million annually to
the State’s revenues. Louisiana is the top producer of crawfish, oysters, and alligators and a
major producer of catfish, baitfish and other species. Much of the aquacultural activity occurs
within 100 miles of the coast, but the coast itself is suffering major losses.	
  	
  Approximately 1800
square miles of land has been lost in the last 80 years, and the Coastal Protection and Restoration
Authority is predicting this number to double within the next 50 years (Coastal Master Plan,
2012). Louisiana has 40% of the nation’s coastal wetlands but suffers 90% of the nation’s
coastal wetland loss (USGS, 2012). This extensive land loss can be attributed to 3 main causes:
•

Subsidence, the slow compaction of soil particles,

•

Erosion, and

•

Sea level rise.

The rate of degradation due to these causes will likely continue and may increase in the near
future. These environmental changes mean less inhabitable land for humans and drastic changes
in plant and animal life for many coastal locations around the world.

The coastal area of Louisiana has become an essential asset to the entire country by
supplying many important aspects of people’s everyday lives. These include:
•

90% of the nation’s outer continental oil and gas,

•

20% of the nation’s annual waterborne commerce,

•

26% of the continental US commercial fisheries landings, and

•

Winter habitat for 5 million migratory waterfowl (Coastal Master Plan, 2012).
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Louisiana also has large aquaculture and wild harvest fisheries, with top aquacultural production
of alligators, turtles, oysters, crawfish, catfish, baitfish, and coastal plants. Aside from these
assets, this area is home to a unique culture, unlike anywhere else in the world. It is easy to see
why we must fight to save and restore as much of this land as possible.

Sustainability
The diverse land of coastal Louisiana is also home to more than 2 million people, and other
coastal areas around the world have more than 100 million inhabitants. These people are forced
to acknowledge the environmental changes and adapt their homes as needed. Our project
integrates the disciplines and expertise within architecture, coastal bioengineering, and plant
science to develop solutions for inhabitable structures that can sustain themselves and the coast.
The homes are designed to resist degradation, thrive, and grow, by participating in the positive
life cycles of the ecosystem, as well as, aid in the restoration of local deltaic environments.
Specifically, these homes will utilize:
•

Bioengineered oyster reefs for coastal protection, land building, and harvest,

•

Plants for coastal protection, land building and development of a productive ecosystem
for the structure, and

•

Sustainable architectural strategies to remediate climatic conditions for habitation and
ideally make structures a positive point of the coastal environment.

Together, these aspects can create an inhabitable structure in harsh conditions, and an extremely
robust local ecosystem.
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Shoreline Protection
One of the most popular methods to combat coastal land loss is via the use of breakwaters.
Breakwaters are man-made barriers placed just off shore, which protect the coastline by reducing
wave energy. These barriers are detached from one another, allowing animals and sediment to
pass in between, providing an environmentally friendly form of protection. Over time, sediment
will continue to build up directly behind the breakwaters, thus creating new land. Typical
shoreline responses can be seen in Figure 1.
New technologies have emerged that transform typical breakwaters into engineered
ecosystems, using substrates, which allow organisms to attach and grow (Campbell, 2004;
Ortego, 2006; Hall, 2009; Dehon, 2010; Hall et al., 2011). Via bioengineered oyster reefs, we
may create a living shoreline with self-sustaining qualities that differentiate themselves from
traditional breakwater structures (Risinger, 2012; Hall and Byrum, 2013). These unique reefs
become biologically dominated reefs, extremely similar to those that occur naturally. Aside
from shoreline protection, the reefs provide many benefits to the ecosystem, similar to natural
reefs.

	
  

Figure 4.1. Sediment deposition behind coastal breakwaters, as seen from above (Sane et al.,
2007; after Herbich, 1991).
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BioEngineered Oyster Reefs
Louisiana has become a worldwide leader in oyster production, with nearly two million
acres of oyster fishing grounds (LDWF, 2011). Oysters (Crassostrea virginica) are seen by
many as ‘ecosystem engineers.’ They dominate structural and ecological components of
estuaries and have the ability to fuel coastal economies. Only a few species may produce reef
habitat for entire ecosystems (Beck, 2011). These mollusks could also become key members in
restoring the Louisiana coastline.
In this work, bioengineered oyster reefs were constructed using circular, sheet metal molds,
which create the ring shape (Hall, 2009; Hall et al., 2012). This shape gives optimal surface area
for oyster growth, while also minimizing use of materials. All of the materials were mixed
together in a round barrel cement mixer and then poured into molds. These materials include:
•

Expanded clay,

•

Crushed dolomite or gravel,

•

Portland cement,

•

Sand,

•

Water, and

•

Cotton seed and other organics.

The unique mix creates a porous structure, which allows water to flow through, reducing more
wave energy. They also give the reef a rough outer layer, which is more attractive to oysters
than smooth surfaces. The cotton seed releases organic acids in the water which attract larval
oysters to the structure. The combination of these materials provides an advantageous setting for
wave energy dissipation and oyster growth.
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A major benefit of implementing artificial reefs is customization. The size and mixture of
these rings can be modified to fit a particular location. Larger diameter rings or heavier mixtures
would be more beneficial in areas with high wave energies. Using smaller rings or lightweight
mixtures (see Chapter 3) in areas with low wave energies could save money on materials, as well
as on construction and implementation costs.
Oyster reefs provide numerous ecosystem services, including filtration, food and habitat for
other animals, shoreline protection, fisheries, and carbon storage (Beck, 2011; Dehon, 2012).
Oysters are filter feeders, and remove suspended solids from the water as they consume
phytoplankton. They also aid in the denitrification process (Kellogg, 2013), which removes
harmful nutrients from the water, and decreases the likelihood of algal blooms. Oyster shell is
made up of approximately 12% carbon, which is pulled out of the water, and in turn, out of the
atmosphere, reducing the amount of greenhouse gases (Dehon, 2012). As oysters begin to
dominate the reefs, they create an excellent habitat for juvenile fish, shrimp and crabs, which
provide food for other animals. Larger fish are also attracted to the reefs, giving an array of
locally obtainable food options, and increasing the economic and recreational value of the area.

Figure 4.2 (a) and (b). (a) Biologically dominated artificial reef at Rockefeller Wildlife Refuge,
LA; (b) Biological growth on large (5’ diameter) rings off the coast of Rockefeller Wildlife
Refuge, LA (Photos: S. Hall)
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Coastal Plants
Coastal plants also play vital roles in combating coastal land loss. Above ground, plants
provide wave attenuation through direct contact, and below ground, the same plants help to
sustain sediment structure via their large root systems. This wave attenuation gives another form
of sediment deposition, producing larger amounts of land accretion, while the roots help to hold
everything together. Decaying plants supply the soil with organic matter, increasing soil stability
and vertical accretion (DeLaune et al. 1987).
To obtain optimal restoration results, it is important to know which types of plants can
tolerate certain levels of salinity. Usable species of plants require the ability to thrive in harsh,
coastal conditions. Listed below are restoration plants suitable for specific salinity levels
(LDWF, 2005):
•

Fresh Marsh, 0-2 parts per thousand (ppt): Saltmeadow Cordgrass (Spartina patens),
Cattail (Typha spp.), California Bulrush (Schoenoplectus californicus)

•

Brackish Marsh, up to 10 ppt: Smooth Cordgrass (Spartina alterniflora), Saltgrass
(Distichilis spicata), Black Rush (Juncus roemanianus)

•

Salt Marsh, up to 35 ppt: Smooth Cordgrass (Spartina alterniflora), Black Rush (Juncus
roemanianus), Black Mangrove (Avicennia germinans)

Areas with poor quality soils may require different species of plants. These plants would be
inserted into the newly accreted soil behind the reefs in past cases to help sustain soil structure,
and continue to expand the shoreline.
The design also provides areas for plants to be grown specifically for consumption,
including on the roof of the structure, as well as a protected area. This area will provide
protection from coastal salt spray, allowing a wide range of vegetables to be grown in this harsh
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environment. Irrigation water for these plants will be obtained through rain collection, integrated
into the structure. Some of these consumable plants are able to tolerate salt water, allowing use
of the local water system and more efficient use of the stored rain water.

Figure 4.3 (a) and (b). (a) Louisiana marsh dominated by smooth cordgrass, Spartina
alterniflora (Photo: D. Huhn); (b) Mature mangroves found in Puerto Rico (Photo: B. Hubick).

Architectural Strategies
The architectural strategies included in the design will help to remediate climatic conditions
of a coastal environment. The main focus is to create a sustainable, inhabitable structure that
will embrace the dynamic local ecosystem. This new home will use well-known techniques in
coastal home construction, such as traditional concrete columns, beams and plates, while also
integrating unique methods such as, water collection, solar power and other energy efficient
practices, growing structural members via bioengineered reefs, and growing, supportive
sediment via coastal plants. Hopefully, the combination of these aspects will induce more
resilient, architectural practices for future coastal homes.
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Conclusion
In conclusion, our research focuses on bringing bioengineering, plant science and
architecture together to culture aquatic organisms, which allow structural growth and stability.
This improves sustainability for the structures, as well as the ecosystem. Ecosystem services
provided by oyster reefs include enhanced water filtration, habitat for marine species, nursery
grounds and more. Protection is provided for the structure and as the plants and animals grow,
the structure may become more stable and stronger over time. As such, the synergistic benefits
of bringing biology, ecology and engineering together can enhance productivity and allow
sustainability for human habitation as well.

Figure 4.4. An example of growing structural members (L. Harrell)
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Figure 4.5. A more complete rendering showing how bioengineered reefs can be used as both
structural and ecological components (L. Harrell)

Figure 4.6. Potential land and plant growth over a 15 year period (L. Harrell)

Future Work
Ongoing work has been proposed to the National Science Foundation in hopes of continuing
and expanding the development of this project. Future work would focus on further analysis of
porous concrete as a structural and ecological component and the emplacement of a scale model.
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Biological growth could be monitored for multiple growing seasons, and mechanical properties
of the materials (with and without growth) could be tested. Construction and assessment of a
full-sized structure could eventually be completed, leading to outreach showcasing these
techniques, as well as expected and actual results. The research results would have a long-term
impact by developing a sustainable framework for building in and inhabiting coastal areas.
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Chapter 5: Conclusion and Future Work
Project Summary
	
  

The focus of this project was to improve the processes of construction and
implementation of artificial materials for use in oyster reef restoration. Creating materials that
are environmentally friendly and capable of high performance is important to maximize the
efficiency and success of these types of projects. To further improve the selection of artificial
materials for oyster ecosystem restoration, this work includes a study on artificial cultch as a
substitute for oyster shell in oyster culture. The experiment was conducted at the Louisiana Sea
Grant Oyster Hatchery in Grand Isle, Louisiana. The results showed no significant differences
between the artificial cultch and oyster shell when comparing oyster counts and height
measurements. This proves the low-density, artificial material is a viable substitute, particularly
in water systems with muddy bottoms, or areas where oyster shell is limited or expensive.
This work also includes a test of light and heavy mixtures in bioengineered artificial
oyster reefs. Determining which types of mixtures are suitable for certain location will help to
avoid over-engineering and save money on materials. The test location, Rockefeller Wildlife
Refuge, Louisiana, is home to a thriving oyster ecosystem, proving the area has proper water
quality conditions to conduct experiments on oyster growth. The findings from this experiment
did not reveal any superior mixture for oyster accumulation. However, physical results proved
how valuable having the proper mixture can be for a project, as lightweight rings were washed
away and heavier rings sunk severely.
The fourth chapter of this work focused on incorporating bioengineered artificial oyster
reefs into creating more sustainable coastal homes, along with the cultivation of coastal plants
and various architectural strategies. Combining these practices can result in enhanced
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sustainability through improved strength, land building and food production. This work and
future endeavors could provide a framework for inhabiting coastal areas in a more feasible way.

Future Work
	
  

Continued monitoring of the artificial reefs at Rockefeller Wildlife Refuge would provide
helpful data in determining a superior mixture, of the three tested. More physical evidence of
how each mixture survives over time would also be beneficial. Similar experiments in nearby
canals should consider using materials under the reefs to prevent sinking, as well as a different
method of anchoring.
The acquisition of money via the NSF Proposal for creating more sustainable coastal
homes could result in the construction of a scale model to allow the assessment of land, oyster
and plant growth. The resulting data could provide a foundation for future construction projects
and inhabiting coastal land.
The cultch materials were transported from Grand Isle, Louisiana to Rockefeller Refuge
and placed inside various rings so the oysters may survive and continue to be monitored.
Additional data may show a difference in survivability among cultch materials. Producing and
testing other similar artificial cultch materials would be beneficial to the oyster industry as it
continues to advance.
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Appendix
Section 1. Predicted land loss over the next 50 years for coastal Louisiana (from 2012 Coastal
Master Plan).

Section 2. Aerial view of large (5’ diameter) artificial reef off the coast of Rockefeller Wildlife
Refuge, Louisiana, USA, showing sediment accretion.
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Section 3. Water quality data at the Louisiana Sea Grant Bivalve Hatchery, Grand Isle,
Louisiana, USA, over the course of the artificial cultch experiment (from Louisiana Department
of Wildlife and Fisheries).

Parameter
Water Temp (C)
Sal (ppt)

LDWF Fisheries Research Lab
Samples
Average
Max
697
18.91
30.30
697
17.53
30.15

Section 4: SAS 9.3 code for artificial cultch data analysis
dm 'log; clear; output; clear';
options pageno=1
nodate
rightmargin=.75in
leftmargin=.75in
topmargin=1in
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Min
4.07
0.00

St Dev
6.13
5.49

bottommargin=.5in;
ods listing;
*ods html close;
*ods graphics off;
libname gi

'C:\Users\Matt\Google Drive\Thesis\SAS';

data work.oyster;
set gi.gi_oyster;
log_count=log(count);
run;
proc mixed data=oyster cl covtest;
class Rep Type Bag Time ;
model Count = Type Time Type*Time /DDFM=kr outp=resids;
random Rep Rep*Type;
lsmeans Type Time Type*Time/adjust=tukey pdiff;
ods output diffs=ppp lsmeans=mmm;
ods listing exclude diffs; *lsmeans;
run;
%include 'C:\pdmix800.sas';
%pdmix800(ppp,mmm,alpha=0.05,sort=yes);
run;
proc univariate data=resids normal plots;
var resid;
run;
proc mixed data=oyster cl covtest;
class Rep Type Bag Time ;
model log_count = Type Time Type*Time /DDFM=kr outp=resids2;
random Rep Rep*Type;
lsmeans Type Time Type*Time/adjust=tukey pdiff;
ods output diffs=ppp lsmeans=mmm;
ods listing exclude diffs; *lsmeans;
run;
%include 'C:\pdmix800.sas';
%pdmix800(ppp,mmm,alpha=0.05,sort=yes);
run;
proc univariate data=resids2 normal plots;
var resid;
run;
proc mixed data=oyster cl covtest;
class Rep Type Bag Time ;
model Height_mm = Type Time Type*Time /DDFM=kr outp=resids3;
random Rep Rep*Type;
lsmeans Type Time Type*Time/adjust=tukey pdiff;
ods output diffs=ppp lsmeans=mmm;
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ods listing exclude diffs; *lsmeans;
run;
%include 'C:\pdmix800.sas';
%pdmix800(ppp,mmm,alpha=0.05,sort=yes);
run;
proc univariate data=resids3 normal plots;
var resid;
run;

Section 5. Oyster height measurements on small scale artificial reef with alternative, non-linear
analysis
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Average Oyster Height (mm), Heavy Mixture
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